In schizophrenia (SCZ) and autism spectrum disorder (ASD), the dysregulation of glutamate transmission through Nmethyl-D-aspartate receptors (NMDARs) has been implicated as a potential etiological mechanism. Previous studies have accumulated evidence supporting NMDAR-encoding genes' role in etiology of SCZ and ASD. We performed a screening study for exonic regions of GRIN1, GRIN2A, GRIN2C, GRIN2D, GRIN3A, and GRIN3B, which encode NMDAR subunits, in 562 participates (370 SCZ and 192 ASD). Forty rare variants were identified including 38 missense, 1 frameshift mutation in GRIN2C and 1 splice site mutation in GRIN2D. We conducted in silico analysis for all variants and detected seven missense variants with deleterious prediction. De novo analysis was conducted if pedigree samples were available. The splice site mutation in GRIN2D is predicted to result in intron retention by minigene assay. Furthermore, the frameshift mutation in GRIN2C and splice site mutation in GRIN2D were genotyped in an independent sample set comprising 1877 SCZ cases, 382 ASD cases, and 2040 controls. Both of them were revealed to be singleton. Our study gives evidence in support of the view that ultra-rare variants with loss of function (frameshift, nonsense or splice site) in NMDARs genes may contribute to possible risk of SCZ.
Introduction
Schizophrenia (SCZ)and autism spectrum disorder (ASD) both have been implied to a high heritability and a strong genetic basis 1, 2 . SCZ is a common, serious mental disorder which affects nearly 1% people of the world 3 . Twin studies estimated its heritability to be up to 80% 4 . ASD is a range of heterogeneous neurodevelopmental conditions which has early-onset deficiency in social communication and interactions, and also behavioral functioning 5 . The etiology of ASD is strongly impacted by genetics, with heritability estimates of 56-95% 6 . Glutamate is one of the most important excitatory neurotransmitter in synapse systems and 40% of all synapses 7 are exploiting it. Glutamate is involved in many central nervous system processes and basic neuronal functions 8 . Thus, abnormal glutamatergic neurotransmission could be a point of convergence to describe the neurocognitive deficits and feature of symptoms presented in nervous system diseases [8] [9] [10] . N-methyl-Daspartate receptors (NMDARs) indicated to be one of the most common glutamate receptors. The pathology of anti-NMDAR encephalitis implies that abnormalities in glutamatergic signaling can result in cognitive impairment, mood changes, and impairment of behavior, which are the symptoms often observed in SCZ/ASD patients 11, 12 . To date, NMDAR subunits have three main family members that have been identified: NR1, NR2, and NR3. Those subunits are encoded by GRIN1, GRIN2A, GRIN2B, GRIN2C, GRIN2D, GRIN3A, and GRIN3B 13, 14 , respectively.
Resequencing studies suggested that GRIN2A might be a candidate gene for autism and SCZ [15] [16] [17] A genomic data analysis study suggests GRIN2C as another SCZ candidate gene 18 . An exome sequencing study which sequenced all GRIN genes in SCZ and ASD cases, detected de novo variants in GRIN2B and GRIN2A and loss-of-function (LoF) variants in GRIN2C, GRIN3A, and GRIN3B
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. Novel de novo microduplications in 19q13, where GRIN2D resides in, were identified in ASD 20 . In addition, a study that identified significant association between GRIN3B and mismatch negativity (MMN) also deserves attention, as decreasing MMN was suggested to be correlated with the pathogenesis of SCZ 21 . Furthermore, in mouse studies, GRIN2A-null mice exhibit some SCZ-like symptoms 22 . Studies with GRIN2C knockout mice pointed out NR2C receptors might play a potential role in associative and executive learning 23 . Further mice studies showed that NR2D subunit incorporates into the NMDARs that mediate excitatory synaptic transmission onto interneurons and influence interneuron function and signal processing 24 . Altogether, these findings suggested the importance of GRIN genes in the pathogenesis of SCZ and ASD.
Recently, there have been accumulating evidence supporting a role of rare variants in mental disorders causation [25] [26] [27] , especially rare LoF (nonsense, splice site or frameshift) variants [28] [29] [30] . While frameshift and nonsense mutations are clearly to be LoF, the effect of splice site mutation remains to be defined. To our knowledge, till now, previous papers have not put their attention on GRIN genes splice site mutation in cases of neuropsychiatric disorders. In previous work 31 , we sequenced GRIN2B in SCZ and ASD, identifying five rare missense mutations. In present study, we performed a mutation screening study for the exonic regions of GRIN1, GRIN2A, GRIN2C, GRIN2D, GRIN3A, and GRIN3B. We assessed the functional impact of splice site mutation by minigene assay, and performed genotyping for LoF mutations in a large sample set.
Methods

Samples
In this study, two independent sample groups were designed ( Table 1 ). The first one, which included 370 SCZ and 192 ASD patients, resequencing for mutation discovery. The second one, with 1877 SCZ cases, 382 ASD cases, and 2040 healthy controls, was used for genotyping of selected mutations identified in the first step. All participates in our study are ethnically Japanese, live on the mainland of Japan. The Hospital of Nagoya University and its co-institutes (Toyama University, Niigata University, Fujita Health University) and co-hospital (Kohnodai Hospital) recruited all the participates. Patients included in the study were diagnosed according to Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition criteria for SCZ or ASD. Controls were recruited from ordinary people and were evaluated with an unstructured interview to ensure that they never suffer from psychiatric disorders, both personal and family history. We explained our study to all participants both verbally and in writing. In addition, if individuals had no capacity to do this alone, their parents or other family members were required to complete written informed consent. The study was supported by Ethics Committees of the Nagoya University Graduate School of Medicine and co-institutes and cohospital.
Sequencing and data collection
We extracted genomic DNA from whole peripheral blood or saliva by a standard protocol. For covering coding regions of GRIN1, GRIN2A, GRIN2C, GRIN2D, GRIN3A, and GRIN3B (human reference sequence NCBI (Table 2) , were selected from the original data for further analysis. These filtered variants were then sequenced for confirming their reliability by Sanger method in a 3130XL Genetic Analyzer (Applied Biosystems, Foster City, CA, USA).
We further analyzed those variants with the following methods: (1) we explored whether they were registered in the NCBI dbSNP database (build 137) (http://www.ncbi. nlm.nih.gov/SNP/), the Exome Aggregation Consortium (http://evs.gs.washington.edu/EVS/), the 1000 Genomes Project (http://www.1000genomes.org/), the Integrative Japanese Genome Variation (https://ijgvd.megabank. tohoku.ac.jp/), or the Human Genetic Variation Database (http://www.hgvd.genome.med.kyoto-u.ac.jp/index. html); (2) we looked for a possible impact of amino acid substitutions as predicted by PolyPhen-2 (http://genetics. bwh.harvard.edu/pph2/) 32 , SIFT (http://sift.jcvi.org/) 33 , and MUTATIONTASTER (http://www.mutationtaster. org/) 34 ; (3) we investigated the conservation status using the PhastCons conservation score and PhyloP scores using the single-nucleotide variants scoring tool Combined Annotation Dependent Depletion 35 (Table 2) .
Splicing in silico analysis
For the splice site mutation, for predicting splicing outcomes of mutations leading to 5′-splice site splicing defects, we performed the following in silico analysis: SDScore 36 , human splice finder 37 , and MaxEntScan
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( Table 3) .
Construction of the plasmid containing the GRIN2D minigene
We constructed the c.1412G>A-GRIN2D minigene in the pcDNA3.1(+) vector by amplifying the 5′-end of exon 4 (starting from the second nucleotide of exon 4 to retain the normal open reading frame) to the 3′-end of exon 6 of GRIN2D from genomic DNA, which was extracted from the c.1412G>A-GRIN2D mutant sample and one healthy sample using the proofreading DNA polymerase KODPlus-Neo (Toyobo) ( Figure S1 ). The forward primer 5′-AATCCCAAGCTTCACCATGTACTTCATGAACATC ACGTGGGAT-3′ carried a HindIII restriction site at the 3′-end, whereas the reverse primer 5′-GCCTAGTCTA GATCACTCCCCGATCATGCCGTT-3′ had a stop codon and an XbaI restriction site at the 5′-end.
Cell culture and transfection
Dulbecco's minimum essential medium (SigmaAldrich) supplemented with 10% fetal bovine serum (Sigma-Aldrich) were used for culturing HEK 293 cells. Cells were plated in 3.5-mm dishes 1 day before the transfection and were transfected with 1 μg minigene construct using FuGENE 6 (Roche) by following the standard method. Forty-eight hours after the transfection, we performed reverse transcription polymerase chain reaction (RT-PCR) for the cells.
RNA extraction and RT-PCR
RNeasy Mini Kit (Qiagen) was used to extract total RNA according to the custom methods. Then we synthesized cDNA by using ReverTra Ace reverse transcriptase (Toyobo). GoTaq polymerase (Promega) were used to perform PCR with forward primer designed from exon 4 of GRIN2D (5′-CTTCATGAACATCACGTGGG-3′) and reverse primer from exon 6 (5′-GAGTGG-CACCTTCCAGGGTC-3′) ( Figure S1 ). Then, we performed agarose gel electrophoresis of PCR products. The correct size bands were excised from the gel by using PCR Cleanup System (Promega) and Wizard ® SV Gel and sequenced using Sanger method to confirm the sequence of every band (Fig. 1) .
Follow-up analysis
The statistical power of effective sample size was processed with website program, Genetic Power Calculator (http://zzz.bwh.harvard.edu/gpc/) 39 . With the following parameters: risk rare-allele frequency (A) of 0.01, disease prevalence of 0.01, genotype relative risk (Aa) ≥ 2, genotype relative risk (AA) ≥ 4, marker allele frequency (B) of 0.01, number of cases (n = 2259) and controls (n = 2040), and type I error rate of 0.05, we computed the result that our sample size have a statistical power of >80%. Only sequences resulting in possible LoF mutations were selected for genotyping. These included one novel frameshift and one novel splice site mutation. Genotyping of the frameshift mutation was performed using a probe oligo that was designed by and ordered from SIGMA-DLP. Genotyping of the splice site mutation was performed with a probe primer (Thermo Fisher Scientific) and Taqman (Applied Biosystems) standard probes. The 384-well microtiter plates were used for analysis, and 
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Results
Results of mutation screening
Our sequence data is available with the accession number DRA004490DNA in the Data Bank of Japan databases (http://www.ddbj.nig.ac.jp). Resequencing of the GRIN1, GRIN2A, GRIN2C, GRIN2D, GRIN3A, and GRIN3B coding regions using Ion PGM platform identified 40 rare (minor allele frequency < 1%), nonsynonymous mutations, including 38 missense mutations, one frameshift mutation with 4 bp deletion (P132Fs in GRIN2C), and one splice site mutation (c.1412G > A in GRIN2D). All mutations were confirmed by using the Sanger method, and all of them were heterozygous. Among them, 10 variants had available DNA for both of their parents. All the 10 variants were then identified to be inherited by Sanger sequencing, and no de novo variants were found. We searched five genetic databases (dbSNP build 143, 1000 Genomes Project, ExAC, HGVD, and iJGVD) and identified eight variants to be novel variants including the two LoF mutations (P132Fs in GRIN2C and c.1412G > A in GRIN2D). Then, we conducted in silico analysis for the 40 variants and detected 7 missense variants with deleterious prediction in all of the in silico tools we used (SIFT, PolyPhen-2, MUTATIONTASTER). The details and bioinformatics analysis of all 40 mutations are shown in Table 2 .
Results of splice site mutation
The splice site mutation c.1412G > A-GRIN2D revealed a novel G-to-A transition (NM_000836.2: c.1412G > A) at the last nucleotide of exon 5. The predicted results due to splicing according to in silico tools were as follows: SDScore 36 predicted c.1412G > A-GRIN2D to be aberrant, the human splicing finder 40 predicted the variant to most probably affect the splicing, and maximum entropy modeling (MaxEntScan) 38 assigned the mutation a score of −1.87 points, whereas the normal sequence had a score of 5.49 points (Table 3) . Then, we performed a functional splicing reporter minigene assay. In Fig. 1 , the image shows the resequencing results of the RT-PCR products. Highest bind from the mutant confirmed to containing exon 4 (114 bp), part of intron 4 (99 bp), exon 5 (212 bp), intron 5 (267 bp), and exon 6 (169 bp); second bind from mutant and wild type (WT) containing exon 4 (114 bp), exon 5 (212 bp), intron 5 (267 bp), and exon 6 (169 bp); lowest bind from WT containing exon 4 (114 bp), exon 5 (212 bp), and exon 6 (169 bp). Thus, we confirmed an intron 5 retention due to the mutation, which result in meeting premature stop codon ( Figure S2 ). As normal GRIN2D were confirmed to have only one isoform (NM_000836.2), we surmise that c.1412G>A-GRIN2D will lead to a truncated, incomplete protein product.
Results of further genotyping
Frameshift mutation P132Fs in GRIN2C and splice site mutation c.1412G>A in GRIN2D were selected for genotyping in an larger sample set which included 1877 SCZ cases, 382 ASD cases, and 2040 controls for association analysis. The result showed that no mutations were found in the sample set used for genotyping (Table 4) . Importantly, both mutations, P132Fs in GRIN2C and c.1412G>A in GRIN2D, were only present in a single case, not only among 2821 cases and 2040 controls in this study but also never seen in the following databases: dbSNP build 143, 1000 Genomes Project, ExAC, HGVD, and iJGVD. Thus, we considered them as protein-damaging ultra-rare variants.
Discussion
We performed a systematic work of sequencing the coding regions of NMDARs genes in SCZ and ASD, and detected 40 rare, nonsynonymous mutations in this study. Among them, two LoF mutations in two patients suffering from SCZ were identified: one frameshift mutation (P132Fs in GRIN2C) and one splice site mutation (with intron retaining) (c.1412G>A in GRIN2D). P132Fs in GRIN2C was located in the beginning of the sequence (Figure S3 ), the 4 bp deletion creating a premature stop codon (p.P132FsX192). Another mutation was c.1412G>A in GRIN2D, with a G-to-A transition in the last nucleotide of exon 5. Minigene assay confirmed that this mutation resulted in intron 5 retention carrying two stop codons ( Figure S2 ), which may lead to the introduction of premature termination codons, and possibly causing nonfunctional NR2D receptor to be created. Notably, frameshift mutations in some genes, such as DISC1
, NLGN4
42 , and UPF3B
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, were identified in SCZ and/or ASD patients, suggesting that frameshift mutations may increase susceptibility to SCZ and ASD. Other studies associate intron retention with the pathogenesis of SCZ 44 and other genetic disorders, such as familial partial , which suggested a role for intron retention in the development of genetic disorders. LoF mutations were often assumed to confer greater disease susceptibility than other missense mutations due to disruption of gene or protein function 28 . They were identified as having an increased contribution to SCZ and ASD, especially in functional sets that are closely involved in neurodevelopment 26 . Genome-wide significant association has also been identified between rare LoF mutations and risk for SCZ and other developmental disorders 26, 29 . However, it cannot be ignored that LoF variants were detected also in healthy adults 28, 47, 48 with surprisingly no deleterious consequences.
Furthermore, we conducted association analysis for P132Fs in GRIN2C and c.1412G>A in GRIN2D. Both of the two variants are singleton among 2259 cases and 2040 controls, and also have never been noted in the following databases (dbSNP build 143, 1000 Genomes Project, ExAC, HGVD, and iJGVD), which indicated them to be ultra-rare variants. As LoF ultra-rare variants are suggested to be more abundant among cases with psychiatry disorders than controls [49] [50] [51] , the two mutations may confer a strong genetic influence on SCZ risk.
In addition to LoF mutations, we also identified 38 missense mutations in SCZ/ASD patients in GRIN1, GRIN2A, GRIN2C, GRIN2D, GRIN3A, and GRIN3B. Among them, six missense mutations were ultra-rare variants. Seven mutations are predicted to be disruptive using all the three in silico tools we used (SIFT, PolyPhen-2, MUTATIONTASTER). Although in silico predictions are questionable, they are still irreplaceable and used widely to predict the impact of missense variants 52, 53 . Moreover, two missense mutations in GRIN2A (K441N, K590N) and one missense mutation in GRIN2C (E514K) are observed to be positioned on glutamate-binding domain, which is highly conserved in primate. Some studies gave the possibility that the ligand-binding regions were more likely to be disruptive than in other domains 54 , which also indicate the importance of ligand-binding domain.
There are several limitations of our study that should not be ignored. First, we only sequenced the coding region of GRIN1, GRIN2A, GRIN2C, GRIN2D, GRIN3A, and GRIN3B. We excluded promoter, intronic, and 5′-and 3′-untranslated regions. Second, in the genotyping analysis, no statistical significance were in our study, it may be because the size of our samples had no sufficient power. Future studies should include a larger sample size to identify a wider range of rare mutations. Third, due to the difficulty of collecting samples of family members, we were only able to do pedigree analysis for a few subjects. Fourth, to avoid ambiguous pathogenicity interpretations, we excluded missense variants from the association analysis. This strict exclusion criterion limits the number of potential confounding factors, which may cause potentially important targets to be missed.
In conclusion, we revealed 40 rare variants including 38 missense mutations, one frameshift mutation, and one splice site mutation by screening the exonic regions of GRIN1, GRIN2A, GRIN2C, GRIN2D, GRIN3A, and GRIN3B. Our result might imply that these mutations increase susceptibility to SCZ and ASD. Furthermore, the observation of the two LoF mutations in GRIN2C and GRIN2D supports the hypothesis that an increased burden of ultra-rare deleterious mutations could be observed in SCZ, although statistical significance was not obtained in association analysis. In addition, our data also gave more evidences to support the likely role of NMDARs in SCZ and ASD with a neurodevelopmental origin.
